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INFECTION OF CORN, Zea mays L., kernels by aflatoxin-producing
fungi is a chronic problem in the southeastern United States. Development of corn varieties resistant to aflatoxin-producing fungi is 1 method for reducing aflatoxin contamination of corn (Scott and Zummo 1988) . However, most studies have concentrated only on resistance of preharvest corn to infection by aflatoxin-producing fungi, particularly Aspergillus flavus Link ex Fries. Dowd (1994) showed that an A. flavus resistant corn line (Mp313e) was cross resistant to insect vectors, Carpophilus hemipterus (L.) and C. freemani Dobson (Coleoptera: Nitidulidae), of A. flavus in pre harvest corn. Damage to stored corn by insects may increase A. flavus infection by providing a path for entry into the kernel and by increasing moisture content of the kernel (Sinha and Sinha 1992) . Therefore, development of corn lines resistant both to infection by aflatoxin-producing fungi and storage insects is desirable for reducing aflatoxin contamination of stored corn. Resistance of corn to insects and fungi may be associated with physical and chemical characteris- Sitophilus zeamais Motschulsky, an insect pest of stored corn has been associated with increased ferulic acid content of corn (Classen et a1. 1990 ). Resistance to Fusarium gmminearum Schwabe, a mycotoxin-producing fungus, has also been associated with femlic acid content of corn (Assabgui et al. 1993) .
The objective of our study was to determine the susceptibility to maize weevils of 8 inbred corn lines relatively resistant to infection by A. flavus (Scott and Zummo 1988) . Maize weevils were chosen for the study because they are a major pest of stored corn throughout the corn-growing regions of the world (Throne 1986 Voucher specimens were placed in tile Florida State Collection of Arthropods (numbers. JTI-JT6).
The com was X-rayed (Throne 1994) to ensure that no insects were present. Lots of 30.0 ± 0.1 g of each com line were placed individually in each of three 40-dram vials. A 35-mm-diameter hole in tbe bottom of the vial and in the lid were covered with 64-JL-mesh nylon screen for ventilation. These vials were placed nmdomly on a perforated false floor in 3 covered plastic boxes (40 by 27.5 by 16 cm high; 1 replication of each corn line in each box). The boxes each contained a saturated sodium chloride (NaCI) solution below tile false floor to maintain relative humidity at 75% (Greenspan 1977 ). An additional cage containing a 300-g sample of Pioneer 3320 corn was placed in each box and the moisture content of tI10se 300-g samples was measured weekly witl1 a moisture tester (Motomco model 919 automatic grain moisture tester, Dickey-John, Auburn, IL). The boxes were placed in an environmental chamber maintained at 30 ± 1°C and a photoperiod of 12:12 (L:D) h, and the com was equilibrated for 6 wk to these conditions before tI1e insect bioassays were conducted.
After the 6-wk equilibration period, 5 females (3-to 4-wk-old F3) were placed in each cage. Sex was determined by snout characteristics (Tolpo and Morrison 1965) after immobilization of weevils by chilling. Females were sieved from the cages after 72 h using a U.S. standard no. 6 sieve (3.36-mm openings), and species and sex were confirmed based on examination of genitalia (Halstead 1962) because of the external morphological similarity of the maize weevil to the rice weevil, S. oryzae (L.). Starting 2 wk after females were removed, emerging adult progeny were sieved from the corn every day. After all adults had emerged, each lot of corn was X-rayed (Throne 1994) estimate of rm to calculate population growth over a 6-mo storage period as:
where Nt = number of weevils at time t.
Chemical and Physical Analyses. Relative size of kernels was determined by counting the number of kernels in each of three lO-g samples of each corn line. Lots of 15.0 :!::. 0.1 g of each corn line were equilibrated at 30°C over an NaCI solution for use in determining kernel hardness and equilibrium moisture content. Relative kernel hardness was determined by grinding 3 replicates (3.0 ::!: 0.1 g each) of each corn line in a 50-ml cup of a blender for 20 s, and determining the ratio of the portion of the com held over a U.S. standard no. 35 sieve (0.5-mm openings) to the portion passing through the sieve (Dobie 1974). Equilibrium moisture content was determined using the air-oven method (method 44-15A, AACC 1969) and was assumed to be indicative of equilibrium moisture content in the insect bioassays, Lots of 30.0 ::!: 0.1 g of each corn line were ground over a U.S. standard no. 40 sieve (0.425-mm openings) in a laboratory mill and analyzed for total Kjeldahl nitrogen, soluble nitrogen, soluble carbohydrate, total lipid, soluble free phenolics, and bound phenolics. Total Kjeldahl nitrogen determined by the method of Lang (1958) was based on analysis of 6 replicate 10-mg samples of each corn line, and expressed as percentage of protein (N X 6.25) based on sample dry weight.
Soluble nitrogen was determined by extracting 100 mg samples of each corn line 5 times with 1 ml 0.15 M NaCI followed by brief centrifugation, combining supernatants, and analyzing 1-ml aliquots by the method of Lang (1958) . Results are based on 4 replicates of each corn line and expressed as a percentage of dry weight. Soluble carbohydrate was determined by extracting 50-mg samples of each corn line 4 times with 5 ml H20 for 5 min at 80°C. Supernatants were combined, brought to 50 ml volume, and 200-I1J aliquots assayed for carbohydrate (as glucose) with the method of Dubois et al. (1956) . Results are based on 5 replicates per com line and expressed as a percentage of dry weight.
Lipid content was estimated by extracting 5-g samples of ground com with 180 ml n-hexane for 6 h in a Soxhlet extractor. Solvent was removed in tared 100-ml flasks on a rotoevaporator, and extract weight determined. Results are based on extraction of 3 replicates of each com line and expressed as a percentage of sample dry weight.
Free phenolic acids were extracted from log samples of the defatted ground corn (after lipid extraction) by the method of Krygier et al, (1982) and analyzed with the procedures of Swain and Hillis (1959) and Singleton and Rossi (1965) . Results are based on 3 replicate samples of each corn line and expressed as chlorogenic acid equivalents.
Following removal of free phenolic acids, bound phenolics in the com samples were released by alkaline hydrolysis and isolated with the procedures of Krygier et al. (1982) and Sosulski et al. (1982) . Bound phenolic acids were analyzed and expressed as chlorogenic acid equivalents as above. Lettt'rs aft"r till' names of the com lines indicate whether the lines are relatively resistant (H) or susceptible (S) to A.fiaollS infection, or wlll'ther suset'ptibility has not been determined (NO). Means within a column followed by the same letter are not signifieantly difft'I','nt (a = 0.05; Wallt'r-Ouncan k ratio test, k = .100 [SAS Institute .1988] ).
" Pt'rct'ntagt' soluble carbohydrate varied with corn line (F = 12.41; df = 10, 49; P < 0.01; n = 5, except n = 10 for Pioneer 3320). b PPrct'ntage lipid varied with com line (F = 2.96; df = 10,23; P = 0.02; n = 3, except n = 4 for Pioneer 3320). C Pt'fl"'ntagt' soluble nitrogen varied with com line (F = 20.53; df = la, 37; P < O.OJ.;n = 4, except n = 8 for Pioneer 3320).
d Pt'r<.·t'ntage bound pl1<'nolics varied with com line (F = 8.54; df = 10, 13; P < 0.01; /I = 2, except n = 4 fl,r Pioneer 3320). ,. l't'r('t'ntagt' ffl'e phenolics varied with com line (F = 12.29; df = 10,23; P < 0.01; n = 3, except n = 4 for Pioneer 3320). fl'Pr('('ntagt' protein varied with cam line (F = 102.27; df = 10,6.1; P < 0.01; /I = 6. except /I = 12 for Pioneer 3320).
A l'Onfidt'nee intelval can be calculatt,d to determine by how much any two means differ. Calculate the confidence interval as III"'alll -II1<'an21 ± MSD, where MSO (shown at ti,e bottom of each column) is the minimum significant difference calculated using tht' Wallt'r-Dunean k ratio tcst. For example, for Pioneer 3320 and SC229, the confidence interval for pereentage of soluble carhohydrates is 114.8 -9.61 :t 1.33, or 3.87...{).53. Thus, the tnle difference between the 2 means is between 3.87 and 6.53.
Results are based on 2 replicate samples of each cultivar.
Statistical Analysis. The general linear models (GLM) procedure of SAS (SAS Institute 1987) was used to determine whether mean number of eggs laid by weevils; development time; number of progeny produced; Dobie index of susceptibility; survivorship from egg to adult emergence; kernel hardness; number of kernels per 10 g sample; or pt'rcentage protein, soluble nitrogen, soluble carbohydrate, lipid, free or bound phenolic acids, or t'qllilibrium moisture content differed with corn lim'. The protein/carbohydrate ratio of the corn lines was included as an independent variable becaust' it has been shown to be correlated with insect growth (Applebaum 1972) , Variances for duration of development, Dobie index of susceptibility, soluble carbohydrate, kernel hardness, and bound phenolics were nonhomogeneous. HowevPf, l'<lI111lizing variances by transformation changed F values and probability levels very little; hence, untransformed data are reported in the tables.
The correlation procedure (CORR) of SAS (SAS Institute 1988) was used to determine whether any of the dppendent variables (biological parameters of thl' wel'vils) were correlated with any of the independent variables (chemical and physical properties of the corn). The stepwise regression procedure (REG) of SAS (SAS Institute 1987) was used to determine regression coefficients for the rdationships between dependent and independent variables, including models with multiple predictor variables. We used the same analyses to identify relationships between preharvest aflatoxin infection levels (Scott and Zummo 1988) and the chemical and physical properties of the dried corn and insect biology on the dried corn.
Results
Insect Development. Duration of maize weevil development, number of progeny produced, and the Dobie index of susceptibility differed with corn line (Table 1) . However, differences in number of eggs laid and survivorship from egg-to-adult emergence were not detected among the corn lines. Decreased weevil development time indicates increased susceptibility of a com line to this insect. The com line on which weevil development was shortest, Mp68;616, is also highly susceptible to A. jlavus infection. Maize weevil development time on corn lines SC54, Mp420, and Mo18W, which are relatively resistant to A. jlavus infection, took 4-5 d longer than on Mp68:616.
More progeny were produced on Mp313E and Mo18W, which are relatively resistant to A. jlavus infection. Fewest progeny were produced on SC212M, which is relatively susceptible to A. jlavus infection. The Dobie index of susceptibility indicated that some of the corn lines that are less susceptible to A.jlavus infection could be selected to limit weevil population growth (particularly Mp420 and SC54). There was nearly a 50-fold difference in predicted numbers of weevils present after 180 d on the various corn lines (Table 2) .
Chemical Analyses. All of the chemical and physical properties varied with corn line, except equilibrium moisture content (Tables 3 and 4) . Duration of maize weevil development increased with lipid content of the corn lines (Table 5) , al- 
Discussion
Among the corn lines tested that were less susceptible to A. flavus infection, some were also less susceptible to maize weevils. Weevil development time varied by 5 d among corn lines, and number of progeny produced could be halved based on the corn line selected. Weevils reared on some of the lines less susceptible to A. flavus infection had both relatively low progeny production and longer developmental time. Long-term maize weevil population growth was =25-to 50-fold greater on Mp313E than on SC54 or Mp420. Further development of corn lines that are less susceptible to both A. flavus and to maize weevils would be desirable. Development of corn lines that are susceptible to A. flavus infection and to infestation by maize weevils, such as Mp68:616, should be avoided. We have shown in this study, and in a previous study (Throne 1989) , that use of corn lines that limit insect growth can severely limit insect population levels in stored corn during a normal storage period which results in less damage to the corn and may reduce the cost of insect control.
Maize weevil fecundity, progeny production, and Dobie index of susceptibility previously were shown to be correlated with protein and ferulic acid (a phenolic acid) content of corn (Classen et al. 1990 ). Protein content was the best predictor of progeny production and fecundity, and ferulic acid content was the best predictor of Dobie index. Our results differed in that only development time could be predicted based on chemical and physical properties of the com, and lipid content was the best predictor. We did not measure ferulic acid content of the corn lines, but femlic acid accounts for 65-85% of total phenolics in corn (Classen et al. 1990 . Bound phenolics constitute "='70% of total phenolics in corn , therefore our measurements of bound phenolic acids may be indicative of ferulic acid content. Kernel hardness has previollsly been shown to be correlated with susceptibility to maize weevil infestation (Dobie 1974); we did not find this to be the case in our study.
Infection of corn in the field by F. graminearum was shown to be negatively correlated with femlic acid content of corn and positively correlated with p-coumaric acid content, both of which are phenolic acids (Assabgui et al. 1993 ). We did not find any correlation between A. flavus infection of corn and any of the chemical or physical properties we measured in the stored corn. These properties may differ from those of preharvest corn. It is possible that a chemical or physical factor may be found in preharvest corn that can be used to predict the resistance of corn to A. flavus infection.
